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TORQUE HARMONIC REDUCTION 
CONTROL FOR SWITCHED RELUCTANCE 

MACHINES 

BACKGROUND 

[0001] The present invention is related to switched reluc 
tance electric machines and in particular to a system and 
method of controlling sWitched reluctance machines. 
[0002] SWitched reluctance machines (SRM) are a simple, 
energy-ef?cient type of electromagnetic device. In particular, 
SRM devices do not require the use of Windings or magnets in 
the rotor. Rather, SRMs make use of protuberances (i.e. 
poles) that are magnetically permeable. The stator coils are 
selectively energiZed to attract the nearest rotor pole (i.e., 
bring the rotor pole into alignment With the energiZed stator 
coil). By energiZing the ?eld coils in sequence, the rotation of 
the rotor can be selectively controlled. Torque generated by 
the SRM is controlled by selectively adjusting the magnitude 
of the current provided to the stator. 
[0003] The problem With SRMs, When compared to other 
types of electromagnetic machines, is the torque provided by 
SRMs can include signi?cant harmonic pulsations during 
normal operation With conventional excitation schemes. Prior 
art approaches to reducing torque pulsations in SRMs include 
both changes to the mechanical design of the machines as 
Well as sophisticated control schemes used to shape the cur 
rent pro?le provided to the stator of the SRM. 

SUMMARY 

[0004] A controller for a sWitched reluctance machine 
operates to minimize torque harmonics in the sWitched reluc 
tance machine. The controller receives inputs representing 
the monitored phase currents provided to each phase of the 
SRM and the rotor position of the SRM. The controller esti 
mates the torque generated by the SRM based on the moni 
tored phase currents and the monitored rotor position. The 
estimated torque is compared With the commanded torque, 
and the difference or error is used to modify the current 
command. A multiplier that varies With the monitored rotor 
position is applied to the modi?ed current command to pro 
vide a smooth phase-to-phase transition. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] FIG. 1 is a block diagram illustrating a sWitched 
reluctance machine (SRM) system according to an embodi 
ment of the present invention. 
[0006] FIG. 2 is a block diagram illustrating operations 
performed by a controller according to an embodiment of the 
present invention. 
[0007] FIG. 3 is a block diagram illustrating in operations 
performed by a controller according to another embodiment 
of the present invention. 
[0008] FIG. 4 is a plurality of Waveforms from a simulation 
illustrating the operation of the controller according to an 
embodiment of the present invention. 

DETAILED DESCRIPTION 

[0009] The present invention is directed to a control scheme 
for sWitched reluctance machines (SRM). Phase currents and 
rotor position are used to estimate the instantaneous torque of 
the SRM. The estimated torque is compared With the com 
manded torque to generate a difference or error signal. The 
current command is modi?ed based on this error signal. In 
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addition, the modi?ed current command is further modi?ed 
by a multiplier value that varies based on the monitored 
position of the rotor. As the rotor position approaches a tum 
off angle for a particular phase, the multiplier decreases (e. g., 
from a value of one) such that the magnitude of the current 
command signal is decreased. This ensures a smooth phase 
to-phase hand-off(i.e., transition from energiZing a ?rst stator 
coil to energiZing a second stator coil). 

[0010] FIG. 1 is a block diagram illustrating sWitched 
reluctance machine (SRM) system 10 according to an 
embodiment of the present invention. System 10 includes 
controller 12, drive 14, sWitched reluctance machine (SRM) 
16, shaft 17, load 18, and rotor position detection device 20. 
In the embodiment shoWn in FIG. 1, SRM 16 is a three-phase 
machine, although in other embodiments SRM 16 may 
include feWer phases (e. g., one or tWo phases) or more phases 
(e.g., four or ?ve phases). SRM 16 includes stator ?eld coils 
(not shoWn) that are sequentially energiZed to cause a rotor 
(not shoWn) to rotate. The rotor includes protuberances that 
act as poles (e.g., for a doubly-salient machine, tWo protuber 
ances or poles Would be employed) that are aligned With 
Whichever stator ?eld coil is energiZed at a particular time. 
Thus, by sequentially energiZing the stator ?eld coils, the 
rotor is caused to rotate and can be controlled to provide a 
desired amount of torque. 

[0011] Controller 12 selectively controls the energiZing of 
the stator ?eld coils through current command signals pro 
vided to driver 14. Controller 12 receives as input torque 
command Te*, turn-on angle 08ml‘, and tum-off angle Hep/7*. 
In addition, controller 12 receives feedback in the form of 
monitored phase currents ia, ib, and is and rotor position 0"". 
In response to these inputs, controller 12 generates current 
command signals ia*, ib*, and ic* that are provided to drive 
14. In response to the commanded currents, drive 14 gener 
ates phase currents ia, ib, and is provided to SRM 16. 
[0012] In response to the phase currents, the rotorportion of 
SRM 16 is caused to rotate, generating mechanical energy 
that is transferred via shaft 17 to load 18. Rotor position 
detection device 20 monitors shaft 17 and generates in 
response rotor position information 0,," that is provided in 
feedback to controller 12. Examples of a rotor position detec 
tion device include an encoders and resolvers. In other 
embodiments, rotor position detection is determined by con 
troller 12 based on monitored feedback (e. g., monitored 
phase currents ia, ib, and is) using a “sensorless” algorithm, in 
Which no dedicated device (such as an encoder) is required to 
monitor shaft 17. Based on the provided inputs, controller 12 
generates current command signals to control the operation of 
SRM 16. In particular, controller 12 shapes the pro?le of the 
phase currents provided to SRM 16 to minimiZe torque har 
monics. 

[0013] FIG. 2 is a block diagram illustrating functions per 
formed by controller 12 according to an embodiment of the 
present invention. These functions may be implemented by 
dedicated hardWare components or by one or more proces 
sors, digital signal processors (DSPs), ?eld-programmable 
gate arrays (FPGAs), etc., that in combination With softWare 
components implement modules for performing the func 
tions shoWn. Controller 12 includes base current generator 
22, instantaneous torque estimator 24, adjustment current 
generator 26, summer block 28, and phase-to-phase transi 
tioner 30. The folloWing table lists the signals received, oper 
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ated on, and generated by controller 12 in the embodiment 
shoWn in FIG. 2 (as Well as additional signals provided in 
FIG. 3). 

Symbol Description 

Te* Torque Command 
i basj Base Current Command 
[Pk Monitored Phase Currents (plural) 
0,," Rotor Position Angle 
"1"?” Torque Estimate (plural) 
Te Torque Estimate (summed) 
ATE* Error between Commanded Torque and 

Estimated Torque 
iadj’g Adjusted Current Command 
imof Modi?ed Current Command 

Sum ofiadf, ilwj 
iph* Phase Current Command(plural) 

Turn-on, Turn-offAngle Commands 9e on*> 9e o?* 
0t 7 i Commanded Phase Current Multiplier 

[0014] Commanded torque Te* represents the desired 
torque to be supplied by SRM 16. The torque generated by 
SRM 16 is related, in part, to the magnitude of the current 
provided by driver 14 to SRM 16. Base current generator 22 
determines based on the commanded torque Te* the magni 
tude of the current required (i.e., base current command 
ibase’l‘). Prior art control schemes may control SRM 16 based 
solely on base current command ibase’l‘, Which When com 
bined With turn-on angle SEMI‘ and turn-off angle Sew/7* 
results in rectangular Waveforms being applied sequentially 
to each phase of SRM 16. As shoWn in FIG. 4, this control 
scheme results in the generation of torque harmonics. 
[0015] In the embodiment shoWn in FIG. 2, base current 
command i base’l‘ is modi?ed or shaped to reduce torque har 
monics. Instantaneous torque estimator 24 generates an esti 
mate of the instantaneous torque Te generated by SRM 16 
based on the monitored phase currents iph and the monitored 
rotor position 0”". The torque estimate Te is compared to the 
commanded (i.e., desired torque) Te* by adjustment current 
generator 26. In response, adjustment current generator gen 
erates adjusted current command iadj* that represents the 
phase current required to correct the error betWeen the esti 
mated torque Te and the commanded torque Te*. Summer 
block 28 adds the adjusted current command iadj* to the base 
current command i base’l‘ to generate a modi?ed current com 
mand imod’l‘. 
[0016] In addition, phase-to-phase transitioner 30 acts to 
smooth the hand-offbetWeen sequential energiZation of stator 
?eld coils (i.e., betWeen stator phases). Transitioner 30 
receives as input the modi?ed current command imod’l‘, tum 
on angle emf, tum-off angle Hep/7*, and monitored rotor 
position 0”". Tum-on angle 099,41‘ and tum-off angle Elm/7* 
may remain constant during operation of SRM 16 or may be 
selectively varied by controller 12 based on the speed and/or 
torque demand of SRM 16. For purposes of this discussion, 
the tum-on angle SEMI‘ and the turn-off angle Hep/3*‘ are 
represented merely as inputs to controller 12, Without discus 
sion of speci?c control means used to calculate the angles. 
Tum-on angle SEMI‘ represents the position at Which a par 
ticular phase is energiZed. Thus, When the monitored rotor 
position crosses the tum-on angle emf‘, a phase current 
according to the generated current command im0d* is pro 
vided on the desired phase. Likewise, the tum-off angle Elm/7* 
represents the position at Which energiZation is removed from 
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a particular phase. HoWever, the inductance associated With 
the stator ?eld coils resists instantaneous change to the phase 
currents. In particular, folloWing the turn-off angle Hep/7*, 
current continues to How in the stator ?eld Windings for a 
period of time, resulting in additional, torque harmonic gen 
eration. To counteract this, phase-to-phase transitioner 30 
further modi?es the modi?ed current command im0d* at the 
phase-to-phase transitions. For example, as the monitored 
rotor position 0,," approaches the tum-off angle Hep/7*, the 
magnitude of the modi?ed current command is decreased 
such that When the tum-off angle Hep/7* is crossed, the current 
provided on the phase to be turned off has already been 
decreased. 

[0017] In this Way, controller 12 generates an adjusted cur 
rent command iadj* that takes into account the instantaneous 
torque generated by SRM 16. The adjusted current command 
iadj* is employed to modify the base current command i base’l‘. 
In addition, the modi?ed current command im0d* is further 
modi?ed to smooth phase-to-phase transitions by selectively 
decreasing the magnitude of the modi?ed current command 
as the monitored rotor position approaches the tum-off angle 
Hep/7*. 
[0018] FIG. 3 is a block diagram illustrating in more detail 
operations performed by controller 12 according to an 
embodiment of the present invention. In the embodiment 
shoWn in FIG. 3, controller 12 is shoWn as once again includ 
ing base current generator 22, instantaneous torque estimator 
24, adjustment current generator 26, summer 34, and phase 
to-phase transitioner 30. Each of these elements is shoWn in 
additional detail according to an embodiment of the present 
invention. Base current generator 22 includes current com 
mand lookup table 32, instantaneous torque estimator 24 
includes torque lookup table 42 and summation block 44, 
adjustment current generator 26 includes error block 38 and 
proportional-integral block 40, and phase-to-phase transi 
tioner 30 includes multiplier calculator 46 and multiplier 
block 36. 

[0019] In response to the input torque command Te*, cur 
rent lookup table 32 generates a base current command ibase>X< 
that represents the current required to generate the desired 
torque. In addition, the monitored phase currents iph and 
monitored rotor position 0,," are provided to torque lookup 
table 42, Which in response generates an estimated torque 
Te’Ph With respect to each phase of SRM 16. The estimated 
torque values Te’Ph are summed by summation block 44 to 
generate a single estimated torque value Te, representing the 
total torque generated by SRM 16. The error or difference 
(AT8) betWeen the commanded torque Te* and the estimated 
torque T8 is generated by error block 38. The torque error ATE 
is provided to P-I controller 40, Which in response generates 
an adjusted current command iadj* . As described With respect 
to FIG. 2, above, the adjusted current command iadj* repre 
sents the adjustment to the base current i base’l‘. As discussed 
With respect to FIG. 2, adjusted current command iadj* rep 
resents the phase current required to correct the error betWeen 
the estimated torque T8 and the commanded torque Te*. The 
adjusted current command iadj* is summed With the base 
current command i base’l‘ by summer block 34. 
[0020] In the embodiment shoWn in FIG. 3, phase-to-phase 
transition smoothing is provided by computing a multiplier 0t 
based on the monitored rotor position that is multiplied With 
the adjusted current command iadj* at multiplier block 36 to 
generate the phase current command iph’l‘. A multiplier 0t 
equal to one results in no change to the adjusted current 
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command iadj*, a multiplier 0t equal to Zero results in the 
adjusted current command iadj* being equal to Zero, and 
values of multiplier 0t betWeen Zero and one result in some 
decrease of the adjusted current command iadj*. 
[0021] The multiplier 0t is computed by multiplier calcula 
tor 46 based on the monitored rotor position 0"", the turn-on 
angle emf, and the turn-off angle Hep/7* to ramp doWn the 
current command as the monitored rotor position approaches 
the turn-off angle Hep/7*. In one embodiment, the multiplier 0t 
(for a particular phase) is set equal to one When the monitored 
rotor position 0,," crosses the turn-on angle 08ml‘ for a par 
ticular phase, such that the adjusted current command is 
provided unchanged to driver 14. When the monitored rotor 
position 0,," crosses a droop angle edmp (located betWeen the 
turn-on angle 08ml‘ and the turn-off angle Hep/7*), the multi 
plier 0t is decreased according to some function until the 
turn-off angle Elm/7* is crossed. The function used to decrease 
the multiplier 0t may be linear or non-linear, depending on the 
particular application. Upon crossing the turn-off angle 
Hep/7*, the multiplier 0t for that phase is set equal to Zero to 
remove the commanded current from the selected phase. As a 
result, the phase current commands iph* provided in this 
embodiment decrease torque harmonics in SRM 16. 
[0022] FIG. 4 is a plurality of Waveforms simulating the 
operation of the system 10 according to an embodiment of the 
present invention. Waveform 50 illustrates a base current 
command signal i base’l‘, maintained at a constant value 
throughout the simulation. Waveform 52 illustrates adjusted 
current command iadj>X< generated based on a calculated dif 
ference betWeen the torque command Te* and the estimated 
torque Te. Waveform 54 illustrates the multiplier 0t generated 
based on the monitored rotor position 0"". Waveform 56 
illustrates the commanded phase current iph* provided by the 
output of controller 12 and the monitored phase currents iph 
provided to SRM 16 as a result of the commanded phase 
current iph’l‘. Waveform 58 illustrates the resulting torque 
generated by SRM in response to the provided phase currents 
iph. 
[0023] With respect to each Waveform, the left-side (la 
beled ‘A’) of the Waveform illustrates a prior art control 
method in Which only the base commanded current ibase and 
unity multiplier 0t (betWeen the turn-on angle 08ml‘ and 
turn-off angle Hep/7*) are employed to generate the phase 
current command iph’l‘. The right-side (labeled ‘B’) of the 
Waveform illustrates the control system according to an 
embodiment of the present invention, in Which the adjusted 
current command iadj* is calculated based on differences 
betWeen the commanded torque Te* and the estimated torque 
T8 and added to the base current command i base’l‘. In addition, 
phase-to-phase smoothing is provided by decreasing the mul 
tiplier 0t betWeen the droop angle edmp and the turn-off angle 
eepjj“ 
[0024] As a result of these control methods, the monitored 
shaft torque is decreased signi?cantly With respect to the 
torque monitored based on the prior art method. The present 
invention therefore provides a control system that minimiZes 
torque harmonics in sWitched reluctance machines. 
[0025] While the invention has been described With refer 
ence to an exemplary embodiment(s), it Will be understood by 
those skilled in the art that various changes may be made and 
equivalents may be substituted for elements thereof Without 
departing from the scope of the invention. In addition, many 
modi?cations may be made to adapt a particular situation or 
material to the teachings of the invention Without departing 
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from the essential scope thereof. Therefore, it is intended that 
the invention not be limited to the particular embodiment(s) 
disclosed, but that the invention Will include all embodiments 
falling Within the scope of the appended claims. 

1. A sWitched reluctance machine (SRM) system, compris 
ing: 

a SRM having ?eld coils that de?ne a plurality of phases 
and a rotor having at least tWo poles; 

a controller for generating current command signals, the 
controller connected to receive a torque command, a 
turn-on angle, a turn-off angle, monitored phase currents 
and the monitored rotor position, Wherein the controller 
calculates a base current command based on the torque 
command, estimates instantaneous torque of the SRM 
based on the monitored phase currents and the moni 
tored rotor position, Wherein the controller generates the 
current command signals by modifying the base current 
command based on a calculated difference betWeen the 
estimated torque and the torque command value, and 
further modi?es the base current command using a mul 
tiplier value that varies With respect to the monitored 
rotor position to provide a smooth phase-to-phase tran 
sition; and 

a driver connected to provide phase currents to the ?eld 
coils of the SRM based on the current command signals 
received from the controller. 

2. The system of claim 1, Wherein the controller provides 
the monitored phase currents and the monitored rotor position 
to a look-up table to estimate the instantaneous torque of the 
SRM. 

3. The system of claim 1, Wherein the controller generates 
an adjusted current command based on the difference 
betWeen the estimated torque and the commanded torque and 
modi?es the base current command by adding the adjusted 
current command to the base current command. 

4. The system of claim 1, Wherein the controller sets the 
multiplier value for a given phase equal to one in response to 
the monitored rotor position crossing the turn-on angle, 
causes the multiplier to decrease in response to the monitored 
rotor position crossing a droop angle, and sets the multiplier 
equal to Zero in response to the monitored rotor position 
crossing the turn-off angle. 

5. The system of claim 1, Wherein the controller selects the 
turn-on angle and the turn-off angle based on operation of the 
SRM. 

6. The system of claim 1, Wherein the controller includes a 
sensorless algorithm for detecting rotor position based on the 
monitored phase currents. 

7. The system of claim 1, further including: 
a rotor position detection device that monitors the SRM to 

detect rotor position. 
8. A method of controlling a sWitched reluctance machine 

(SRM) having a stator portion and a rotor portion, the stator 
portion having at least tWo phases of ?eld coils that are 
sequentially energiZed, the method comprising: 

receiving inputs representing monitored phase currents 
provided to each phase of the SRM and rotor position of 
the SRM; 

estimating torque generated by the SRM based on the 
monitored phase currents and the monitored rotor posi 
tion; 

comparing the estimated torque to a commanded torque 
value to calculate a torque error value; 
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generating an adjusted current command based on the 
torque error value; 

adding the adjusted current command to a base current 
command to generate a modi?ed current command; and 

generating phase current commands for selectively con 
trolling the energiZing of each of the stator by multiply 
ing the modi?ed current command With phase multipli 
ers, Wherein the phase multipliers vary based on the 
monitored rotor position. 

9. The method of claim 8, Wherein estimating torque gen 
erated by the SRM includes estimating torque With respect to 
each phase of the SRM and summing the estimated torque 
values for all phases to generate the estimated torque. 

10. The method of claim 8, Wherein a proportional-integral 
(P-l) controller is employed to generate the adjusted current 
command based on the torque error value. 

11. The method of claim 8, Wherein generating phase cur 
rent commands includes: 

setting a phase multiplier for a given phase equal to one 
When the monitored rotor position crosses a turn-on 
angle; 

decreasing the phase multiplier for the given phase accord 
ing to a de?ned function When the monitored rotor posi 
tion crosses a droop angle; and 

setting the phase multiplier for the given phase equal to 
Zero When the monitored rotor position crosses a tum 
off angle. 

12. A controller for controlling the operation of a sWitched 
reluctance machine (SRM), the controller comprising: 

inputs to receive a torque command value, monitored phase 
currents provided to the SRM and a monitored rotor 
position associated With the SRM; 

a base current module that generates a base current com 
mand based on the received torque command value; 

a torque estimation module that estimates torque associ 
ated With the SRM based on the monitored phase cur 
rents and the monitored rotor position; 
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an adjustment current module that compares the torque 
command value to the estimated torque and generates in 
response an adjusted current command; 

a summer module that sums the based current command 
With the adjusted current command; 

a phase-to-phase transition module that further modi?es 
the adjusted current command based on the monitored 
rotor position to provide a smooth transition betWeen 
phase hand-offs; and 

an output for connection to a driver, Wherein the output 
provides the phase current commands generated by the 
phase current shaping module to the driver for genera 
tion of phase current to the SRM. 

13. The controller of claim 12, Wherein the based current 
module is a lookup table that provides the base current com 
mand based on the received torque command value. 

14. The controller of claim 12, Wherein the torque estima 
tion module is a lookup table that estimates torque generated 
by the SRM based on the monitored phase currents and the 
monitored rotor position of the SRM. 

15. The controller of claim 12, Wherein the phase-to-phase 
transition module multiplies the adjusted current command 
by a multiplier value that varies based on the monitored rotor 
position. 

16. The controller of claim 15, Wherein the multiplier is set 
equal to one When the monitored rotor position crosses a 
turn-on angle, begins ramping doWn according to a de?ned 
function When the monitored rotor position crosses a droop 
angle, and is set equal to Zero When the monitored rotor 
position crosses a turn-off angle. 

17. The controller of claim 16, Wherein the turn-on angle 
and the tum-off angle are selectively varied by the controller 
based on the operation of the SRM. 

18. The controller of claim 12, Wherein the monitored rotor 
position is provided by a rotor position monitoring device. 

19. The controller of claim 12, Wherein the controller cal 
culates the monitored rotor position based on the monitored 
phase currents using a sensorless detection algorithm. 

* * * * * 


